We present investigations of the propagation length of guided surface plasmon polaritons along Au waveguides on GaAs and their coupling to near surface InGaAs self-assembled quantum dots. Our results reveal surface plasmon propagation lengths ranging from 13.4 ± 1.7 µm to 27.5 ± 1.5 µm as the width of the waveguide increases from 2-5 µm. Experiments performed on active structures containing near surface quantum dots clearly show that the propagating plasmon mode excites the dot, providing a new method to spatially image the surface plasmon mode. We use low temperature confocal microscopy with polarization control in the excitation and detection channel. After excitation, plasmons propagate along the waveguide and are scattered into the far field at the end. By comparing length and width evolution of the waveguide losses we determine the plasmon propagation length to be 27.5 ± 1.5 µm at 830 nm (for a width of 5 µm), reducing to 13.4 ± 1.7 µm for a width of 2 µm. For active structures containing low density InGaAs quantum dots at a precisely controlled distance 7-120 nm from the Au-GaAs interface, we probed the mutual coupling between the quantum dot and plasmon mode. These investigations reveal a unidirectional energy transfer from the propagating surface plasmon to the quantum dot. The exquisite control of the position and shape afforded by lithography combined with near surface QDs promises efficient on-chip generation and guiding of single plasmons for future applications in nanoscale quantum optics operating below the diffraction limit.
Introduction
The ability of surface plasmon polaritons (SPPs) to tightly confine electromagnetic fields to nanometer dimensions, combined with advances in nano-fabrication technologies has led to renewed interest in exploring plasmonics for various applications 1 ranging from nano-lithography 2 and microscopy 3 , to photovoltaics 4 , bio-sensing 5 and plasmonic circuits [6] [7] [8] [9] . However, the field enhancements and propagation distances associated with SPPs are limited due to Ohmic losses 10 . The study of the interaction of surface plasmons with active media, a field termed "active plasmonics" by Krasarvin et al. in 2003 11 offers many solutions. For example, it promises to widen the sphere of applicability of surface-plasmon-based applications [12] [13] [14] whilst facilitating the study of the emission characteristics of optical emitters in plasmonic systems [15] [16] [17] . Most recently, the potential to use proximal active media to provide gain and stimulated emission and amplification of SPPs have no to couple dis that combine present optic coupling to s etch away pa plasmonic str using electro and the coup lithographica vide limitless the realizatio optical chara in both the ex with and with 
Fabrication
We start our fabrication with an In 0.4 Ga 0.6 As/GaAs quantum dot sample grown using molecular beam epitaxy. The InGaAs QDs are grown on GaAs substrate using Stranski-Krastanov growth and they are overgrown with a GaAs capping layer. The sample was grown on a nominally undoped GaAs (100) substrate. On top of the substrate a 300 nm thick GaAs buffer was grown at a temperature of 622 °C, followed by a 140 nm thick GaAs layer at 560 °C. At the same temperature 3.5 monolayers of nominally x = 50% In x Ga 1-x As were deposited. This resulted in hemispherically shaped selfassembled quantum dots with 25 nm in diameter and 5 nm in height. AFM measurements revealed a density of 120-130 dots per µm². Finally, the sample was overgrown by a 120 nm thick capping layer. In order to control the QD-WG spacing, parts of the capping layer are subsequently removed using citric acid (citric acid : H 2 O 2 : H 2 0 = 1 mg : 1 ml : 1 ml ) with an etching rate of 12 nm per minute. Each terrace of the staircase like structure has a width of 1 mm. Figure 1 (b) shows an Atomic Force Microscope (AFM) measurement, from which the step height of 10 ± 1 nm and an RMS roughness of < 1 nm is determined. Figure 1 (c) shows the standard electron beam (e-beam) lithography process for the fabrication on each terrace using standard: a bi-layer e-beam resist is spin-coated using PMMA 200K and PMMA 950K. The structures are written with a JEOL JSM-6400. After development, a 100 ± 5 nm thick gold layer is evaporated by an standard e-beam evaporator and finally the resist is lifted off. Figure 1 (c) (vi) depicts a typical 5µm wide and 25 µm long Au-WG, which is used for measurements. On the upper part one can see a lithographically defined 0.5 µm square aperture that is used to launch SPPs from the far field [26] [27] . Figure 1 (d) shows a schematic overview of the completed sample; on each terrace, there are groups of 5 waveguides with the same length and width. The separations of the proximal QDs from the WGs are 7, 17, 27, 37, 47 and 57 nm for the different terraces, respectively.
Experimental Setup
For our measurements we use a low temperature confocal photoluminescence setup with full control of the polarization in both the excitation and detection channel. Figure 2 shows a schematic of the setup: light from a tunable Ti:Sa laser is polarized using a linear polarizer. A 50:50 beam splitter is used to guide the laser via a 50 x microscope objective with NA = 0.55 to the sample and simultaneously monitor the intensity, which is also used for optical excitation. The light from the sample is collected via the same objective whereupon it passes the beam-splitter, can be analyzed either via a highly sensitive imaging CCD camera or a spectrometer. For the studies of the quantum dot luminescence an additional 900 nm long pass filter is placed in front of the imaging CCD camera to suppress the laser and image the emission from the quantum dots only. A typical integration time for the CCD camera of 5 s is sufficient to image QD luminescence using the excitation power P exc = 5 kW/cm².
Determination of the Propagation Length
For the studies of the propagation length L SPP 28 we investigate reference structures lithographically defined on a GaAs wafer with no nearby QDs. To measure L SPP we record the intensity at the end of the WG as a function of the waveguide length. Figure 3 tructures not consured the ualitative agreement is found with the theoretically expected behavior, a reduction of from 34 ± 7 µm to 15 ± 1 µm having been observed upon narrowing the waveguides from 5-2 µm. This reduction was attributed to a reduction of the number of supported SPP modes upon narrowing the waveguides. Finally, in active structures containing proximal quantum dots we have demonstrated the excitation of near-surface self-assembled QDs using SPPs. The QD luminescence is found to be unpolarized with a DoP = 12 ± 2%, whilst the excitation shows a strong preference along the WG axis with 50 ± 2 %. The excitation of near surface self-assembled QDs via SPPs opens the door for future on-chip quantum optics experiments.
